Abstract. We present a unified description of elastic and transition form factors involving the nucleon and its resonances; in particular, the N(1440), ∆(1232) and ∆(1600). We compare predictions made using a framework built upon a Faddeev equation kernel and interaction vertices that possess QCD-kindred momentum dependence with results obtained using a confining, symmetry-preserving treatment of a vector ⊗ vector contact-interaction in a widely-used leading-order (rainbow-ladder) truncation of QCD's Dyson-Schwinger equations. This comparison explains that the contact-interaction framework produces hard form factors, curtails some quark orbital angular momentum correlations within a baryon, and suppresses two-loop diagrams in the elastic and transition electromagnetic currents. Such defects are rectified in our QCD-kindred framework and, by contrasting the results obtained for the same observables in both theoretical schemes, shows those objects which are most sensitive to the momentum dependence of elementary quantities in QCD.
Introduction
A unified description of electromagnetic elastic and transition form factors involving the nucleon and its resonances has acquired very much interest. On the theoretical side, it is via the Q 2 -evolution of form factors that one gains access to the running of QCD's coupling and masses [1, 2] . Moreover, QCD-kindred approaches that compute form factors at large photon virtualities are needed because the so-called meson-cloud screens the dressed-quark core of all baryons at low momenta [3, 4, 5] . On the experimental side, substantial progress has been made in the extraction of transition electrocouplings, g vNN * , from meson electroproduction data, obtained primarily with the CLAS detector at the Jefferson Laboratory (JLab) [6, 7, 8, 9, 10] . The electrocouplings of all low-lying N * have been determined via independent analyses of π + n, π 0 p and π + π − p exclusive channels [5, 9, 11, 12] ; and preliminary results for the g vNN * of some high-lying N * states, with masses below 1.8 GeV, have also been obtained from CLAS meson electroproduction data [7, 13] . Full up-to-date information on Q 2 evolution of g vNN * electro-couplings at Q 2 < 6.0 GeV 2 for most resonances in the mass range up to 1.8 GeV from analyses of exclusive meson electro-production with CLAS can be found in Ref. [14] .
During the next decade, CLAS 12 will deliver resonance electroproduction data out to Q 2 ≈ 12 GeV 2 [7, 15, 16] and thereby empirical information which can address a wide range of issues that are critical to our understanding of strong interactions, e.g.: is there an environment sensitivity of DCSB; and are quark-quark correlations an essential element in the structure of all baryons? Existing experiment-theory feedback suggests that there is no environment sensitivity for the N(940), N(1440) and ∆(1232) baryons: DCSB in these systems is expressed in ways that can readily be predicted once its manifestation is understood in the pion, and this includes the generation of diquark correlations with the same character in each of these baryons. Resonances in other channels, however, probably contain additional diquark correlations, with different quantum numbers, and can potentially be influenced in new ways by mesonbaryon final state interactions (MB FSIs). Therefore, these channels, and higher excitations, open new windows on nonperturbative QCD and its emergent phenomena whose vistas must be explored and mapped if the most difficult part of the Standard Model is finally to be solved.
This manuscript is arranged as follows. We present in Sec. II a short survey of our theoretical framework in order to compute the mass and wave function of the nucleon and its resonances. Section III is dedicated to the calculation, within the same formalism, of the nucleon's elastic and N→Roper form factors. We discuss in Sec. IV the γ * p → ∆(1232) + , ∆(1600) + reactions and their related form factors. We summarize and give some conclusions in Sec. V. 
Baryon wave function
A baryon is described in quantum field theory by a Faddeev amplitude, obtained from a Poincaré-covariant Faddeev equation, which sums all possible quantum field theoretical exchanges and interactions that can take place between the three dressed-quarks that characterise its valence-quark content.
A dynamical prediction of Faddeev equation studies that employ realistic quark-quark interactions [17, 18] is the appearance of non-pointlike quark+quark (diquark) correlations within baryons, whose characteristics are determined by DCSB [19, 20] . Consequently, the baryon bound-state problem is transformed into solving the linear, homogeneous matrix equation depicted in Fig. 1 [21, 22, 23, 24] . Its key elements are the dressed-quark and -diquark propagators, and the diquark Bethe-Salpeter amplitudes.
Evidence supporting the presence of diquark correlations in baryons is accumulating; see, for instance, Refs. [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38] . It should be emphasised that these correlations are fully dynamical and appear in a Faddeev kernel which requires their continual breakup and reformation. Consequently, they are vastly different from the static, pointlike diquarks introduced originally [39] in an attempt to solve the so-called "missing resonance" problem [6] . In fact, consistent with numerical simulations of lattice-QCD [40] , the spectrum of states produced by the Faddeev equation in Fig. 1 possesses a richness that cannot be explained by a two-body model.
With the inputs drawn from Refs. [29, 38] (including light-quark scalar and axial-vector diquark masses m 0 + = 0.79 GeV, m 1 + = 0.89 GeV, respectively) one can readily construct the relevant Faddeev equation kernels of Fig. 1 and use ARPACK software to obtain the mass and Faddeev amplitude of the two lightest states in the (I, J P ) = (1/2, 1/2 + ) and (I, J P ) = (3/2, 3/2 + ) channels; which we identify with the baryons N(940), N(1440), ∆(1232) and ∆(1600), respectively. The masses are (in GeV):
These values correspond to the locations of the two lowest-magnitude poles in the three-quark scattering problems in the given channels. The residues associated with these poles are the Poincaré-covariant wave functions, χ( 2 , ·P; P 2 ), where is the quark-diquark relative momentum. For every baryon considered herein, eight scalar functions are required to completely describe the system, each associated with a particular Dirac-matrix structure.
It is important to emphasize that our Faddeev equation should be understood as producing the dressed-quark core of the bound-state and not the completely-dressed object. In other words, a deeper consideration of the kernel in Fig. 1 reveals that resonant contributions, viz. meson-baryon final-state-interactions (MB FSIs), are omitted [41, 42] . Clothing the nucleon's dressed-quark core by including resonant contributions to the kernel produces a physical nucleon whose mass is ≈ 0.2 GeV lower than that of the core [43, 44] . Similarly, MB FSIs reduce the ∆(1232)-baryon's core mass by ≈ 0.16 GeV [45, 46, 47] and the Roper resonance's core-mass by 0.3 GeV [47] . Evidently, such reductions shift the mass of a given baryon's dressed-quark core into alignment with the measured Breit-Wigner mass of the associated physical state. Moreover, this pattern is seen to prevail broadly, extending to baryons in the multiplets of flavour-SU(5) [48, 49] .
The ground-state neutron and proton (nucleons) are certainly bound-states seeded by three valence-quarks: udd and uud, respectively. However, the nature of the nucleon's first excited state -N(1440) 1/2 + -is less certain. The N(1440) 1/2 + "Roper resonance" was discovered in 1963 [50, 51, 52, 53, 54] , but it was immediately a source of puzzlement because, e.g. a wide array of constituent-quark potential models produce a spectrum in which the second positive-parity state in the baryon spectrum lies above the first negative-parity state [55, 56] .
Following the acquisition and analysis of a vast amount of high-precision nucleon-to-resonance electro-production data with single-and double-pion final states on a large kinematic domain of energy and momentum-transfer, development of a sophisticated dynamical reaction theory capable of simultaneously describing all partial waves extracted from available, reliable data, and formulation and wide-ranging application of a Poincaré covariant approach to the continuum bound state problem in relativistic quantum field theory, it is now widely accepted that the Roper is, at heart, the first radial excitation of the nucleon, consisting of a well-defined dressed-quark core that is augmented by a meson cloud, which both reduces the Roper's core mass by approximately 20% and contributes materially to the electro-production transition form factors at low-Q 2 [57, 58] .
We are going to review herein the calculation, consistent with the formalism presented above to the baryon boundstate problem, of the nucleon's elastic form factors and the so-called equivalent Dirac and Pauli form factors of the γ * N(940) → N(1440) reaction. This section is mostly based on the work presented in Refs. [29, 30, 31, 35, 36, 37, 38, 59, 60] .
Transition Current
The computation of the desired elastic and transition form factors is a straightforward numerical exercise once the Faddeev amplitudes for the participating states are in hand and the electromagnetic current is specified. When the initial and final states are I = 1/2, J = 1/2 + baryons, the current is completely determined by two form factors, viz.
where: u i ,ū f are, respectively, Dirac spinors describing the incoming/outgoing baryons, with four-momenta P i, f and masses m i, f so that
; and γ T · Q = 0. The vertex sufficient to express the interaction of a photon with a baryon generated by the Faddeev equation in Fig. 1 is described elsewhere [29, 61] . It is a sum of six terms, depicted in the Appendix C of Ref. [29] , with the photon probing separately the quarks and diquarks in various ways, so that diverse features of quark dressing and the quark-quark correlations all play a role in determining the form factors. Figure 2 depicts the dressed-quark core Sachs electric and magnetic form factors for the proton and neutron. It is apparent that the QCD-kindred results are in fair agreement with experiment, which is represented by the year-2004 parametrisation in Ref. [62] . Comparisons made with a more recent parametrisation [63] are not materially different. The most notable mismatch appears to be in our description of the neutron electric form factor at low Q 2 . However, appearances are somewhat deceiving in this case because G n E is small on the low-Q 2 domain and hence slight differences appear large; moreover, G n E is much affected by subdominant effects such as meson-cloud contributions that we have neglected. On the other hand, as was previously observed [64] , form factors obtained via a symmetrypreserving DSE treatment of a contact-interaction are typically too hard. The defects of a contact-interaction are expressed with greatest force in the neutron electric form factor.
Form Factors
The equivalent Dirac and Pauli form factors of the γ * p → R + transition are displayed in Fig. 3 . The results obtained using QCD-derived propagators and vertices agree with the data on x 2. The contact-interaction result simply disagrees both quantitatively and qualitatively with the data. Therefore, experiment is evidently a sensitive tool with which to chart the nature of the quark-quark interaction and hence discriminate between competing theoretical hypotheses. The disagreement between the QCD-kindred result and data on x 2 is due to meson-cloud contributions that are expected to be important on this domain [47, 58, 59, 65, 66] . An inferred form of that contribution is provided by the dotted (green) curves in Fig. 3 . They are small already at x = 2 and vanish rapidly thereafter so that the quarkcore prediction remain as the explanation of the data. It is worth to emphasize that the zero crossing in F * 2 is always present but its precise location depends on the meson-cloud estimation.
Finally, since it is anticipated that CLAS 12 detector will deliver data on the Roper-resonance electro-production form factors out to Q 2 ∼ 12m 2 N , we depict in Fig. 4 . Left -Dirac transition form factor, F * 1 (x), x = Q 2 /m 2 N . Solid (black) curve, QCD-kindred prediction; dot-dashed (red) curve, contact-interaction result; dotted (green) curve, inferred meson-cloud contribution; and dashed (blue) curve, anticipated complete result. Right -Pauli transition form factor, F * 2 (x), with same legend. Data in both panels: circles (blue) [11] ; triangle (gold) [67] ; squares (purple) [9] ; and star (green) [12] .
reactions γ * p → R + , γ * n → R 0 on the domain 0 < x < 12. On the domain depicted, there is no indication of the scaling behaviour expected of the transition form factors:
Since each dressed-quark in the baryons must roughly share the impulse momentum, Q, we expect that such behaviour will only become evident on x 20. [37] for details). The width of the band associated with a given curve indicates our confidence in the extrapolated value. Data in both panels are for the charged channel transitions, F * 1,p and F * 2,p : circles (blue) [11] . No data currently exist for the neutral channel but they are expected.
THE γ * p → ∆(1232), ∆(1600) TRANSITIONS
The experimental data on γ * p → ∆(1232) transition are available for 0 ≤ Q 2 8 GeV 2 [6, 13] and have stimulated much theoretical analysis and speculation about, inter alia: the relevance of perturbative QCD (pQCD) to processes involving moderate momentum transfers [6, 13, 68, 69, 70] ; hadron shape deformation [70, 71, 72, 73] ; and the role that resonance electroproduction experiments can play in exposing nonperturbative aspects of QCD, such as the nature of confinement and dynamical chiral symmetry breaking (DCSB) [13] . Contradicting quark-model predictions [55, 56] , the first positive-parity excitation, ∆(1600) 3/2 + , lies below the negative parity ∆(1700) 3/2 − , with the splitting being approximately the same as that in the nucleon sector. This being the case and given the Roper-resonance example above, it is likely that elucidating the nature of the ∆(1600) 3/2 + -baryon will require both (i) data on its electroproduction form factors which extends well beyond the meson-cloud domain and (ii) predictions for these form factors to compare with that data. The data exist [16, 74] ; and can be analysed with this aim understood.
This section shows our results for the γ * p → ∆(1232), ∆(1600) transitions, providing comparisons with data and other analyses when available. It is mostly based on Refs. [27, 29, 31, 38, 75, 76] and the interested reader is referred to such references for further details.
Transition Current
Electromagnetic N → ∆ transitions are described by three form factors [77] : magnetic-dipole, G * M ; electric quadrupole, G * E ; and Coulomb (longitudinal) quadrupole, G * C . They arise through consideration of the transition current:
where: P i , P f are, respectively, the incoming nucleon and outgoing ∆ momenta,
is the incoming photon momentum, K = (P i + P f )/2; and Λ + (P i ), Λ + (P f ) are, respectively, positive-energy projection operators for the nucleon and ∆, with the Rarita-Schwinger tensor projector R λ α (P f ) arising in the latter connection. (See Ref. [29] , Appendix B.)
In order to succinctly express Γ α µ (K, Q), we defině
withǨ 2 = 1 =Q 2 , in which case dotted, blue) ; The green dot-dashed curve is the dressed-quark core contribution inferred using Sato-Lee (SL) dynamical meson-exchange model [78] . Upper-right panel -G * M,Ash result obtained with QCD-kindred interaction (solid, black) and with CI (dotted, blue). Lower-left panel -R SM prediction of QCD-kindred kernel including dressed-quark anomalous magnetic moment (DqAMM) (black, solid), non-including DqAMM (black, dashed), and CI result (dotted, blue). Lower-right panel -R EM prediction obtained with QCD-kindred framework (solid, black); same input but without DqAMM (dashed, black); these results renormalized (by a factor of 1.34) to agree with experiment at x = 0 (dot-dashed, red -zero at x ≈ 14; and dot-dash-dashed, red, zero at x ≈ 6); and CI result (dotted, blue). The data in the panels are from references that can be found in [29] .
With a concrete expression for the current in hand, one may obtain the form factors using any three sensibly chosen projection operators, e.g. with [70] 
The following ratios are often considered in connection with γ * N → ∆ transitions:
Since they are identically zero in SU(6)-symmetric constituent-quark models, they can be read as measures of deformation in one or both of the hadrons involved.
Form Factors
The upper-left panel of FIGURE 6. Left panels -Magnetic dipole γ * p → ∆ + (1600) transition form factor; middle -electric quadrupole; and right: Coulomb quadrupole. Data from Ref. [12] ; and the conventions of Ref. [77] are employed. Panels on the top: solid (black) curve, complete result; shaded (grey) band, light-front relativistic Hamiltonian dynamics (LFRHD) [79] ; dot-dashed (brown) curve, light-front relativistic quark model (LFRQM) with unmixed wave functions [80] ; and dashed (purple) curve, LFRQM with configuration mixing [66] . Panels on the bottom: solid (black) curve, complete result; dotted (blue) curve, both the proton and ∆(1600) are reduced to S-wave states; Dot-dashed (blue) curve, result obtained when ∆(1600) is reduced to S-wave state; dashed (orange) curve, obtained by enhancing proton's axial-vector diquark content. the data at infrared momenta. This is related with the fact that Dyson-Schwinger Equations computations ignore meson-cloud effects. The similarity between our curves and the bare result determined using the Sato-Lee (SL) dynamical meson-exchange model [78] confirms the former assertion.
The upper-right panel of Fig. 5 shows the magnetic transition form factor in the Ash convention. This is because experimental results on this form factor have been traditionally presented using such convention. One can see that the normalized QCD-kindred curve is in fair agreement with the data, indicating that the Ash form factor falls unexpectedly faster than a dipole form mainly for two reasons: (i) meson-cloud effects provide up-to 35% of the form factor for x 2; (ii) the additional kinematic factor ∼ 1/ Q 2 that appears between Ash and Jones-Scadron conventions provides material damping for x 2 (see Ref. [29] for details on this aspect).
The lower-left panel of Fig. 5 displays the Coulomb quadrupole ratio. Our results computed using either the QCDkindred or the CI formalism are broadly consistent with available data. This shows that even a contact-interaction can produce correlations between dressed-quarks within Faddeev wave-functions and related features in the current that are comparable in size with those observed empirically. Moreover, suppressing the dressed-quark anomalous magnetic moment (DqAMM) in the transition current has little impact. These remarks highlight that R SM is not particularly sensitive to details of the Faddeev kernel and transition current.
The lower-right panel in Fig. 5 shows that R EM is a particularly sensitive measure of diquark and orbital angular momentum correlations. The contact-interaction result is negative at low photon virtualities, it crosses zero at an experimentally accessible transfer momentum and then increases with x in order to reach the pQCD limit. On the other hand, we have presented four variants of the QCD-kindred result, which differ primarily in the location of the zero that is a feature of this ratio in all cases we have considered. The inclusion of a DqAMM shifts the zero to a larger value of x. Given the uniformly small value of this ratio and its sensitivity to the DqAMM, we judge that meson-cloud effects must play a large role on the entire domain that is currently accessible to experiment.
Predictions for the γ * p → ∆ + (1600) transition form factors are displayed in Fig. 6 . Empirical results are only available at the real-photon point for two of the three form factors:
Evidently, the quark model results -(shaded grey band) [79] , dot-dashed (brown) curve [80] and dashed (purple) curve [66] ) -are very sensitive to the wave functions employed for the initial and final states. Furthermore, inclusion of relativistic effects has a sizeable impact on transitions to positive-parity excited states [79] .
Our prediction is the solid (black) curve in each panel of Fig. 6 . In this instance, every transition form factor is of unique sign on the domain displayed. Notably, the mismatches with the empirical results for G * M (Q 2 = 0), G * E (Q 2 = 0) are commensurate in relative sizes with those in the ∆(1232) case, suggesting that MB FSIs are of similar importance in both channels.
One can mimic some effects of a meson cloud by modifying the axial-vector diquark content of the participating hadrons. Accordingly, to illustrate the potential impact of MB FSIs, we computed the transition form factors using an enhanced axial-vector diquark content in the proton. This was achieved by setting m 1 + = m 0 + = 0.85 GeV, values with which the proton's mass is practically unchanged. The procedure produced the dashed (orange) curves in the bottom panels of Fig. 6 ; better aligning the x 0 results with experiment and suggesting thereby that MB FSIs will improve our predictions.
The dotted (blue) curve in the bottom panels of Fig. 6 is the result obtained when only rest-frame S-wave components are retained in the wave functions of the proton and ∆(1600)-baryon; and the dot-dashed (blue) curve is that computed with a complete proton wave function and a S-wave-projected ∆(1600). Once again, the higher partialwaves have a visible impact on all form factors, with G * E being most affected. In the near term future, the electro-excitation N → ∆(1600) 3 
2
+ amplitudes will become available at photon virtualities 2.0 GeV 2 < Q 2 < 5.0 GeV 2 from analysis of recent CLAS results on π + π − p electro-production off proton [8, 74] . They will allow us to test the continuum QCD expectations on the transition N → ∆(1600)
+ form factors.
The expected experimental results will be of particular importance in order to check universality or environmental sensitivity of the dressed quark mass function for the nucleon and Delta radial excitations.
CONCLUSIONS
We have shown recent calculations of γ * p → N(940), N(1440) and γ * p → ∆(1232), ∆(1600) transition form factors consistent with a quark-diquark approximation to the Poincaré-covariant three-body bound-state problem in relativistic quantum field theory. Crucially, the diquark correlations are non-pointlike and fully-dynamical, and the Faddeev kernel ensures that every valence-quark participates actively in all diquark correlations to the fullest extent allowed by kinematics and symmetries. Moreover, each dressed-quark is characterised by a non-perturbatively generated running mass function, expressing a signature consequence of dynamical chiral symmetry breaking in the Standard Model.
Amongst our results, the following are of particular interest: assuming that the first excited state of the nucleon is the so-called Roper resonance, we compare with experiment our computation of the equivalent Dirac and Pauli form factors of the γ * p → R + reaction and observe that, while the mismatch in the domain of Q 2 2m 2 N may plausibly be attributed to meson-cloud effects, the agreement on Q 2 2m 2 N owes fundamentally to the QCD-derived momentumdependence of the propagators and vertices employed in solving the bound-state and scattering problems.
In connection with the γ * p → ∆(1232) + transition, the momentum-dependence of the magnetic transition form factor in the Jones-Scadron convention matches that of the nucleon once the momentum transfer is high enough to pierce the meson-cloud. And the electric quadrupole ratio is a keen measure of diquark and orbital angular momentum correlations; its zero crossing, obscured by meson-cloud effects, could be on the domain currently accessible by experiment.
Our predictions for the γ * p → ∆ + (1600) magnetic dipole and electric quadrupole transition form factors are consistent with the empirical values at the real photon point. In view of the actual discrepancy between theoretical predictions, which basically differ on the assumed ∆(1600)'s wave function, one can conclude that data on the γ * p → ∆ + (1600) transition form factors will be sensitive to the structure and deformation of the ∆ + (1600).
